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I. INTRODUCTION 



Electromagnetic transitions of the nucleon to baryon excitations give important insight 
into the degrees of freedom which are relevant in hadron physics and hence for the structure 
of the nucleon. Prom this point of view the study of the particular transition 7A'" — > A(1232) 
is sensitive to the spatial and spin structure of the involved baryons. 

A comparison between theory and experiment is conveniently performed on the level of 
electromagnetic transition matrix elements, which are expressed in terms of photon helicity 
amphtudes [1,2]. For transverse photons the electromagnetic N — A transition is described 
by the helicity amplitudes ^4^, where A = 3/2(1/2) refers to the case where the photon 
spin is parallel (antiparallcl) to the spin of the nucleon target. In turn, the decay rate for 
A+ p7 can be expressed in terms of these transverse helicity amplitudes [2,3] 

r(A-^,^)=(g!(^){l^.,,|= + l^3/.n, (1) 

where Mp and Ma are the baryon masses and 

^ Ml- Ml 

P* = — ^ = 258.4 MeV 2 

2Ma ^ ^ 

is the 3-momentum of either of the final state particles (proton or real photon) in the A-rest 

frame. Experimental values for the helicity amplitudes A1/2 and A3/2 at the real-photon 
point and for the branching ratio BR(A+ pj) = r(A+ —>■ p'y)/Ttotai{^'^) are reported as 
[2] 



Ai/2 = -(135 ± 6) X 10-^GeV-^/^ A3/2 = -(255 ± 8) x 10-^GeV-^/^ (3) 
4^ = 1.89 ± 0.10, BR(A+ ^ p7) = (0.52 - 0.60)%. 

Al/2 

Alternatively, the transverse helicity amplitudes can be expressed in terms of electromagnetic 
production multipoles, that is the magnetic dipole Ml and the electric quadrupole E2 
moments. The two sets of amplitudes are related by 

Ay2 = —{Ml + 3^2), As/2 = -^(Ml - E2) . (4) 

Thereby, a non- vanishing E2/M1 ratio indicates the possibility of an intrinsic deformation 
of the nucleon [4-6] or a contribution from meson exchange currents [7,8] with the latest 
experimental value of [2] 

E2 

= -0.025 ± 0.005. (5) 

Ml ^ ' 

Various model calculations have been apphed to the transverse hehcity amplitudes of 
the electromagnetic A?" — > A transition. In the original constituent quark model [1,9,10] 
the results for the helicity amplitudes at the real-photon point are somewhat smaller than 
the experimental data. Further extensions of the constituent quark model by considering 
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two-body currents based on gluon and exchange were performed in [7,8]. However, in these 
calculations lower values for the Ml contribution as compared to the experimental ones are 
still obtained even when also including relativistic effects. In the cloudy bag model [11-13] 
this situation was improved where pion cloud corrections are shown to contribute up to two 
thirds of the total amplitude. Similar models, e.g., the relativistic potential quark model 
[14], confirmed the importance of meson cloud corrections. In these model calculations one is 
also able to generate a non- vanishing value for the E2/M1 ratio, which is extremely sensitive 
to non- valence quark degrees of freedom, referred to as the pion cloud of the nucleon or as 
exchange currents. With the exception of Ref. [7], predictions for this ratio are usually 
considerably smaller than the experimental value of Eq. (5). A significant contribution 
from the meson cloud is also emphasized in Ref. [15] where the dynamical pion cloud effects 
originate from the non-resonant tt production mechanism. These effects are crucial in getting 
agreement with the data. The improvement of the theoretical calculations arising from the 
meson cloud effects is not only restricted to the — > A transition but also applies to other 
transitions as well, e.g., weak pion production reactions [15], vector, axial- vector and strong 
NN and A'"A couplings [16] and light meson photoproduction [17]. 

As a further development of chiral quark models with a perturbative treatment of the 
Goldstone boson cloud [18]- [20] we recently developed the perturbative chiral quark model 
(PCQM) for the description of low-energy properties of baryons [21]- [25]. The PCQM is 
based on the nonlinear cr-model quark Lagrangian and includes a phenomenological confine- 
ment potential. Baryons are considered as bound states of valence quarks surrounded by a 
cloud of pseudoscalar mesons as imposed by chiral symmetry requirements. The model was 
successfully applied to the electromagnetic properties of the nucleon [22], o"-term physics 
[23], the ttN scattering including radiative corrections [24] and the strange nucleon form 
factors [25]. 

In the current work we consider, as a further extension, the determination of the mo- 
mentum dependence of the helicity amplitudes A1/2 and A3/2 of the N — A transition at 
one-loop or cquivalently to the order of accuracy o(l/F^, m, m^). Here, F is the pion decay 
constant in the chiral limit and m, are the respective current masses of up/down and 
strange quarks. In the context of the current approach we furthermore investigate the role 
of excited quark states in meson loop diagrams. Whereas in our previous considerations the 
expansion of the quark propagator was restricted to include only ground state contributions, 
that is N and A intermediate states in loop diagrams, we now also consider excited quark 
states. The main conclusion drawn from this calculation will be that inclusion of excited 
quark states are relevant at the 20% level in order to obtain a reasonable description of the 
transverse helicity amplitudes at the real-photon point. For the E2/M1 ratio we trivially 
obtain a vanishing value, since at the order of accuracy we are working in a non-vanishing 
result cannot be expected due to \axge-Nc QCD arguments [3]. 

In the present article we proceed as follows. In the following section we review the basic 
notions of the perturbative chiral quark model and the modifications of the perturbative 
technique when including the full quark propagator. In Sec. Ill we present the calculation 
of the transverse N — A helicity amplitudes and give a comparison with current experimental 
data. Finally, Sec. IV contains a summary of our major conclusions. 
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II. THE PERTURBATIVE CHIRAL QUARK MODEL (PCQM) 
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The starting point of the perturbative chiral quark model [21]- [25] is an effective chiral 
Lagrangian describing the valence quarks of baryons as relativistic fermions moving in an 
external field (static potential) Veff(r) = S{r) + ^^V{r) with r = \x\ [21,22], which in the 
SU(3)-flavor version are supplemented by a cloud of Goldstone bosons {7r,K,r)). Treating 
Goldstone fields as small fluctuations around the three-quark (3q) core we have the linearized 
effective Lagrangian [22]: 

£eff(^) = ^{x)[i ^ - Sir) - 7V(r)]V'(x) + ^[9^^(x)]^ 

- V;(x)5(r)i7^5^V'(^) + JC^sb{x). (6) 

The additional term jC^-sb contains the mass contributions both for quarks and mesons, 
which explicitly break chiral symmetry: 

C^sb{x) = -^^J{x)M^|J{x) - ^Tr[^\x)M]. (7) 

Here, $ is the octet matrix of pseudoscalar mesons 

^= TT- -7r7V2 + 7y/V6 I, (8) 

F = 88 MeV is the pion decay constant in the chiral limit [26], Ai = diag{m, m,m5} is the 
mass matrix of current quarks (we restrict to the isospin symmetry limit = = rh) 
and B = — < 0\uu\0 > /F^ is the quark condensate constant. We rely on the standard 
picture of chiral symmetry breaking [27] and for the masses of pseudoscalar mesons we use 
the leading term in their chiral expansion (i.e. linear in the current quark mass): 

2 

Ml = 2mB, M]^ = {m + ms)B, M^ = -{m + 2m (9) 

3 

The following set of parameters [27] is chosen in our evaluation 

m A/[^ 
m = 7 MeV, = 25, S = — ^ = 1.4 GeV. (10) 
m 2m 

Meson masses obtained in Eq. (9) satisfy the Gell-Mann-Oakes-Renner and the Gell-Mann- 
Okubo relation. In addition, the hnearized effective Lagrangian in Eq. (6) fulfils the PCAC 
requirement. 

We expand the quark field t/j in the basis of potential eigenstates as 

^(2^) = J2 baUaix) exp{-i£at) + d\vp{x) exp(i£^t) , 

a p 

where the sets of quark {ua\ and antiquark {vp} wave functions in orbits a and (5 are 
solutions of the Dirac equation with the static potential Kff(r). The expansion coefficients 
ha and are the corresponding single quark annihilation and antiquark creation operators. 
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We formulate perturbation theory in the expansion parameter 1/F (F ~ -\/^) and treat 
finite current quark masses perturbatively [22]. All calculations are performed at one loop or 
at order of accuracy o(l/F^, rh, nis). In the calculation of matrix elements we project quark 
diagrams on the respective baryon states. The baryon states are conventionally set up by the 
product of the SU(6) spin-flavor and SU(3)c color wave functions, where the nonrelativistic 
single quark spin wave function is replaced by the relativistic solution Ua{x) of the Dirac 
equation 

-i7°7 • V + 7'-5(r) + V(r) - u^(x) = 0, (11) 

where £a is the single- quark energy. 

For the description of baryon properties we use the effective potential Ves{r) with a 
quadratic radial dependence [22,23]: 

S{r) = Ml + Clr^ V{r) = + czr^ (12) 

with the particular choice 

Ml — —- — -— , Mo — Co — ;r— , Ci = Co = — 13 

2pR ' " 2pR ' 2i?3 ^ ^ 

Here, Sq is the single-quark ground-state energy; R are p are parameters related to the 
ground-state quark wave function uo'- 



uo{x) — N exp 



2i?2 




ipax/R ' ^^-^-f-^^' 



where N — [k^/'^R^(1 + 3p^/2)]~^/2 is a normalization constant; Xs, X/? Xc are the spin, 
flavor and color quark wave function, respectively. Note, that the constant part of the scalar 
potential Mi can be interpreted as the constituent mass of the quark, which is simply the 
displacement of the current quark mass due to the potential S{r). The parameter p is related 
to the axial charge qa of the nucleon calculated in zeroth-order (or 3q-core) approximation: 



Therefore, p can be replaced by qa using the matching condition (15). The parameter R is 
related to the charge radius of the proton in the zeroth-order approximation as 

<rl>LO= J d''xul{x)x^Uo{x) = ^ | | f^^ . (16) 

In our calculations we use the value 51^=1-25 [22]. Therefore, we have only one free param- 
eter, that is R. In the numerical studies [22] R is varied in the region from 0.55 fm to 0.65 
fm, which corresponds to a change of < >lo from 0.5 to 0.7 fm^. 
The expectation value of an operator A is set up as: 

oo -n „ „ 

< A >= ^< 0o| E -r / d'^i ■■■ d^x^T[£i{xi) . ..£i{x^)A]\<Po >f, (17) 

n=l 



5 



where the state vector 100 > corresponds to the unperturbed three-quark state (3g-core). 
Superscript "fi" in (17) indicates that the matrix elements have to be projected onto the 
respective baryon states, whereas subscript "c" refers to contributions from connected graph 
only. Ci{x) of Eq. (17) refers to the linearized quark-meson interaction Lagrangian: 

Li{x) = -ij{x)t^''^^S{r)^{x). (18) 
F 

For the evaluation of Eq.(17) we apply Wick's theorem with the appropriate propagators 
for quarks and mesons. 

For the quark field we use a Feynman propagator for a fermion in a binding potential 
with 

iG^{x,y) = < (f>o\T{^{x)i!{y)}\(^o > 

= 9{xo - Z/o) E^"(f)Ha(y)e-*^"(^°-^°) - 9{yo - xo)Y.vp{x)vp{y)e''0^^°-y°\ (19) 

a p 

In previous applications [22]- [25] we restricted the expansion of the quark propagator to its 
ground state with: 

iG^x, y) ^ iCoix, y) = ^o(^) uo{y) e-'^°^-°-y°^ e{x^ - y^). (20) 

Such a truncation can be considered as an additional regularization of the quark propagator, 
where in the case of SU(2)-fiavor intermediate baryon states in loop-diagrams are restricted 
to N and A. In the current approach we also include, for the first time, excited quark states 
in the propagator of Eq. (19) and analyse their influence on the matrix elements for the A'^-A 
transitions considered. We include the following set of excited quark states: the first p-states 
(lpi/2 and lp3/2 in the non-relativistic notation) and the second excited states (1^3/2, l(i5/2 
and 2si/2)- For the given form of the effective potential (12) the Dirac equation can be 
solved analytically. The corresponding expressions for the wave functions of the excited 
quark states are given in the Appendix. For the meson fields we adopt the free Feynman 
propagator with 

zA.,(x - y) =< 0|T{$.(x)$,(y)}|0 >= 5,. / (2ti'4/Mi"-l?-z^e^^ - ^^^^ 

Introduction of the electromagnetic field to the effective Lagrangian (6) is accom- 
plished by minimal substitution: 

A,^j (22) 

where Q = diag{2/3, —1/3, —1/3} is the quark charge matrix and /jj^ are the totally anti- 
symmetric structure constants of SU{3). For the photon field ^4^ we also include the usual 
kinetic term 

jCph^~F^,{x)F'^''{x) with F^,{x)^d,A^{x)-d^A,{x). (23) 
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In the evaluation of Eq. (17) wc redefine tlic perturbation series in terms of renormalized 
quantities, where a set of counterterms 5C has to be introduced in the Lagrangian (6). The 
counterterms play a dual role: i) they maintain the proper definition of physical parameters, 
such as nucleon mass and, in particular, the nucleon charge and ii) they effectively reduce 
the number of Feynman diagrams to be evaluated. For a detailed derivation and discussion 
of this renormalization technique see the original reference [22] . Here we just indicate the 
relevant results following the technique of Ref . [22] , where now intermediate excited quark 
states are included in the loop diagrams. In the following we attach the index "0" to 
quantities when we truncate the quark propagator to the ground state contribution, index 
"F" refers to the case where excited states are also included. 

First we introduce the renormalized quark field ip'^{x), which is a solution to the Dirac 
equation (11) with the full, renormalized non-strange quark mass [22] 



E ^ (^)7 dpp'F^ip^) Fl{p^)[lc:{p') + Ic^ip^) + 1C2(/)}, (24) 



including self-energy corrections of the meson cloud. In Eq. (24) we introduce the relativistic 



reduction factor 7 = (1 — |p^)/(l + |p^) and 



^"^^'^ w^ip^) (w^ip^) + AS^) ^^^^ 

with meson energy w^{p'^) — M| -|- p^ and momentum p — \p\. /S.Ea — £a — ^o is the excess 
of the energy of the quark in state a with respect to the ground state. At the quark-meson 
vertex we obtain the form factor for the transition from a quark in the ground state to an 
excited one (a = {nljm)) with 

F„(/) = NN^— I drr S{T){go{T)Ur) + g^{r)fo{r)) 
^ 

X j dcosed(t)f^^'^'^Co,Yio{e,(l)) (26) 
n 

with Cq = (^0 I \ \i I). Explicit forms of the radial wave functions {ga and /„), normal- 
izations {No) and energy difference (A£^q,) are given in the Appendix. When the quark 
propagator is restricted to the ground state only, the renormalized quark mass reduces to 
122] 

*« = * - 5^4s(If)7 ^ wim + ii)}. (27) 

where F7rArjv(p^) is the ttNN form factor normalized to unity at zero recoil (p^ = 0): 

F,..ij,^)^e.,(-!^)(,^^(l-^)]. (28) 



4 7 1 8 V SgA 

For the effective potential considered the relationship between renormalized and bare po- 
tential eigenstates can be deduced analytically. 
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When the original Lagrangian (6) is rewritten in terms of renormahzed quark fields and 
masses, a set of counterterms, denoted by has to be included: 



with 

5Cf = i)'{x) {Z ^-M' - S{r) - 7V(r)]V'"(x), 



1=1 i=4 

In the counterterms Ai^ is the mass matrix of renormahzed quark masses and Ai'^ = M. — 
5M.. The terms in dCf"^ are introduced for the purpose of nucleon mass renormalization 
due to meson exchange between different quarks and contain the factors 

The renormalization constants Z for m, (i-quarks and Zg for the s-quark are given in the 
diagonal matrix Z = diag{Z, Z, Zs}. The values of Z and Zg are determined by the charge 
conservation condition at one loop [22] . Due to the consistency of our approach the values 
of Z and Zg guarantee charge conservation both on the quark and the baryon level. In the 
context of the present calculation we only have to consider the renormalization constant Z 
for the non-strange quarks. When excited quark states are included we obtain the following 
analytical expression for the renormalization constant 

Z' = l- E(^) / dPP' Up')Fl{p'){lw:{p') + Iw^ip') + ^mp')] (31) 



with 

^^^^'^ ^ w^{p'){w^{p') + AS^y ^^^^ 

When we restrict intermediate quark states to the ground state, the expression of Eq.(31) 
reduces to 

ii(ll)7*p' ^ sdm ^ '''' 

which has ah^eady been derived in [22]. In the two-flavor picture, that is when we restrict 
to the pion cloud contribution only, we obtain a value of Z° = 0.9 ± 0.02 for our set of 
parameters. The contribution of kaon and r7-meson loops to the constant Z° is strongly 
suppressed due to the energy denominators in Eq. (33). In the three-flavor picture we get 
Z^ — 0.88 ± 0.03, which deviates only shghtly from the two-flavor result. With the value for 
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Z° being close to unity, for our set of parameters the perturbative treatment of the meson 
cloud is also justified. Inclusion of the excited states changes the value of the renormalization 
constant to = 0.81 ± 0.04. 

For the N ^ A transition we use the renormalized electromagnetic current operator 
as derived by Noether's theorem [22] : 



(34) 



It contains the quark component j^r , the charged meson component and the contribution 
of the counterterm : 



(35) 



and 



^''^ + 73 



Sj^r ^r{Z- 1) YQ^^;'• = [2 (Z - 1) uV^^'' - {Z - I) dr^cT - {Z, - ly^s" 



Again, further technical details of the presented formalism are contained in the original 
reference [22], but here it is extended to the case where excited states are included in the 
quark propagator. 



III. ^ A HELICITY AMPLITUDES IN THE PCQM 

Now we consider the determination of the helicity amplitudes for the transition A 
in the PCQM. The transverse helicity amplitudes are defined as 

Am = ^< A,s; = M|J-e'|A^,s, = M-1> (36) 

where M = i, | and = P* = (M^ — Mfj)/2M^ is the energy of the photon in the rest 
frame of the A with the polarization vector e; Mjv and are the physical masses of the 
nucleon and the A(1232)-resonance, respectively. 

In the PCQM the helicity amplitudes Ai/2{q'^) and ^3/2(5^), where q is the photon four- 
momentum with — —(f, are then identified with the perturbative expressions: 

A/2(Q') = --^< A+,l/2| - ]- f 5{t)d'xd'x^d'x2e-'^^ 

X T[£^,,(a;i)£:,,(a;2) /.(x) -e] b,^l/2 >„ (37) 
^3/2(g') = < A+,3/2| - \ I bifyd^xd^^d^x^e-"'^ 

X T[C,,Xx,) Jr{x) ■ e ] \p , 1/2 >, , (38) 

where \B , M >= |0o >^'^'' refers to the unperturbed three-quark state of baryon B with 
spin projection M. Here, jr is the spatial part of the renormalized electromagnetic current 



9 



operator already introduced in Eq. (34). — Cf'^ + is the renormalized strong 

interaction Lagrangian [22] containing the quark-meson interaction term 



S{r)iP''{x) 



(39) 



and the set of counterterms 5jC^*^ of Eq. (29). 

The hehcity amphtudes A1/2 and Ay 2 are evaluated at one- loop or to the order of accu- 



racy o(l/F^ 



). At this level, which is also equivalent to 0(l/iVc) as will be discussed 



later, we obtain the naive relation = ■ A1/2, which can also be checked explic- 

itly. Therefore, in the following we only present explicit analytical results for the helicity 
amplitude ^1/2- 

We start with the simplest case, where the quark propagator is restricted to the ground 
state contribution. The total helicity amplitude is a sum of terms arising from different 
diagrams: the three-quark diagram (Fig. la), the counterterm (Fig. lb), the meson-cloud 
diagram (Fig.lc), the vertex-correction diagram (Fig. Id) and the meson-in-flight diagram 
(Fig.le). 

(a) The helicity amplitude due to the three-quark diagram [Fig. 1(a)] is given by a leading 
order (LO) and a next-to-leading (NLO) term, where the latter one arises after renormal- 
ization [22]: 



^1/2 (g') 



3? 

LO 
3q 



LO 



3q 



+ Ay2{Q' 



2eP*(g2) exp 



3 



pR- 



NLO 
3q 



1 + 



(40) 
(41) 



NLO 



3q 



LO 



pR \fQ^R'' 2-^' 



3q 



1 + ^A 4 



^ ^ 2 ' 



The absolute value of the 3-momentum 



2Ma 



of either the nucleon or the virtual photon is evaluated in the A-rest frame, 
(b) The three-quark counterterm (CT) [Fig.l(b)] results in the expression: 



^1/2 (g') 



CT 



= (z° - i)^i/2(g') 



LO 



3q 



(c) The meson-cloud diagram (MC) [Fig. 1(c)] yields: 



^i/2(g') 



MC 



X j^nNN{p^, g^, x)tN{p^, g^ X) 

MC 



(42) 



(43) 



(44) 



(45) 
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where 



2D,{p\Q\x) + Dk{p',Q\x), 
1 



MC 



(d) For the vertex-correction diagram (VC) [Fig. 1(d)] we obtain: 

1 eP*{Q^)(gAV ( Q^R\ pR 



vc 200 

oo 

X J dpp^F^^^{p^)tN{p') 



yA ( 



~ 2 



where 



1 



w|(p2) ' 

(e) And for the meson-in-flight diagram (MF) [Fig. 1(e)] we get: 

2 oo 

200 



(46) 



(47) 



(48) 



(49) 



When including excited states in the quark propagator, the analytical results for the LO 
three-quark diagram and the meson-in-flight contribution obviously still remain the same. 
In turn the following contributions must be extended. 

(a) In the three-quark NLO expression the renormalized quark mass has to be replaced 
accordingly 



NLO 



3q 



LO 



m 



pR \(Q^R^ 2-^' 



3q 



F 



1+ V 

■ ^ 2 



1 + 



(50) 



(b) For the three-quark counterterm (CT) the appropriate renormalization constant has 
to be inserted 



Al/2iQ') 



CT 



LO 



3q 



(51) 



(c) For the meson-cloud diagram (MC) we obtain the full expression 
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-1 

X xl•^«;Mc(p^Q^a;)^(p^(5^x)|„;Mc 

a 

where the sum runs over the index a, labeUing the quantum numbers of the intermediate 
quark states (ground and excited states) . We use the definitions 

t{p\ Q\ x)\^,MC = 2Vlip', Q\ X) + Vl{v\ Q\ X) (52) 

and 

w ^ i + [A£:j(w^(p^) + w^(p^))] 

where in addition we introduce the function J-'a;Mc{p'^,Q^,x) = Fa(p^)F^(p^) with the 
vertex form factor Fa{p^) of Eq. (26). 

(d) For the vertex-correction diagram (VC) inclusion of excited states results in 



I3,a 



where 



t{p')W,vc = W^-J/) - (55) 



and J^i3a;vc = Fi3{p'^)Fi{p^)- We also define 



oo 



ag2 



X j dcos9d(j>e'VQ''r<^°''^Cf,Yi^,(e,(j>)CaYi^o{OA): (57) 
n 

where and are the orbital quantum numbers of the intermediate states /? and a, re- 
spectively. 

The result for the Q^- dependence of the helicity amplitude Ai/2{Q'^), when truncating 
the quark propagator to the ground state, is indicated in Fig. 2. Thereby, we also list 
the individual contributions of the different diagrams of Fig. 1, which add up coherently. 
The leading order three quark diagram dominates the prediction for A1/2, whereas meson 
cloud corrections add about 30% to the total result. Here, both the meson- in-fiight and 
the meson-cloud diagrams give the largest contribution. In a next step we include the 
intermediate excited quark states with quantum numbers lpi/2, IP3/2, lc^3/2, lc^5/2, and 
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2si/2, that is excitations up to 2 hu, in the propagator. The resulting effect on A1/2 is 
given in Fig. 3. We exphcitly indicate the additional terms, which are solely due to the 
excited states, whereas the ground state propagator result is contained in the curve denoted 
by TOTAL(GS). Although higher lying state contributions are suppressed relative to the 
ground state one, they still have a noticeable effect on ^41/2 for Q"^ < 0.5 GeV^ at the order 
of 15%. For completeness we give the full result for both transverse helicity amplitudes 
^1/2 (Q^) and A3/2{Q^) in Fig. 4. The amplitudes fulfil the relation As/2{Q'^) = V3Ai/2{Q^) 
for all values. 

Recently, in the framework of large- iV^ QCD [3] it was shown that the ratio ^3/2/^1/2 is 
mostly saturated by the naive SUq quark model result ^3/2/^1/2 = \/3 [28]. Deviations from 
this standard result are due to higher order corrections with ^3/2/^1/2 = + 0{1/N^) 
[3]. We evaluate the helicity amplitudes at one-loop or cquivalently to the order of accuracy 
o{l/F'^,rh,ms), where F ~ v^iVc. Therefore, to get a nontrivial deviation from the SUq 
result the formalism has to be extended up to two loops or up to order 0{1/F'^) ~ 0{1/N^). 
The standard relation between the helicity amplitudes obtained here, which is consistent 
with large- A^c considerations, is for example not present in the cloudy bag model [11-13]. 
Latter model, which is conceptually close to our approach, uses in the calculation of one-loop 
diagrams non-degenerate nucleon and delta masses. This would correspond in our counting 
scheme to the order of accuracy 0{1/F^), although the complete diagrams to this order are 
not evaluated. Based on the arguments of the large- A'c analysis it is not surprising that 
the cloudy bag is able to generate a deviation from the y/S result and hence produces a 
non- vanishing E2/M1 ratio. 

For comparison with data we turn to the results for the helicity amplitudes at the real- 
photon point with = 0. In Table 1 we list the numerical values for the complete set 
of Feynman diagrams, again indicating separately the contributions of ground and excited 
states in the quark propagator. Comparison of our results to other model calculations are 
presented in Table III. Our final results for Ai/2{Q'^ = 0) and ^3/2 (Q^ = 0) are in rather 
decent agreement with the data. As evident from Table I, meson cloud corrections play 
a decisive role in explaining the large deviation from the result of the impulse, that is 
three-quark core, approximation. Pion contributions play the dominant role in the meson 
corrections as evident from Table III, where we list the individual contributions of the octet 
mesons to the sizable terms generated by the meson-cloud and vertex-correction diagrams. 
The suppression of K and 1] loops is due to the large corresponding meson masses occurring 
in the denominators. The relative contribution of K and r] mesons with respect to tt is 
between 8 — 10% in the amplitude, as can be naively expected from the ratio of meson 
masses {mTr/mK,r])^ which also is roughly 8%. Also, the improved treatment of the quark 
propagator by including higher excitations tends at least phenomenologically to be required 
by the data. Again, to obtain a non- vanishing value for the E2/M1 ratio, higher order or 
two-loop corrections have to be considered. 

To complete our set of predictions we also indicate the results for the radiative transition 
A+ — > p7. For the decay width as based on Eq. (1) we obtain r(A+ — > p^) — 0.55 ± 0.03 
MeV. Using the experimental value Vtotaii^'^) — 111-2 MeV for the total decay width, we 
deduce the branching ratio 

Si?(A+ ^ p7) = (0.47 - 0.52)% (58) 
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and in similar fashion for the partial decay branching ratios for helicity 1/2 and 3/2 



BRi/2 = (0.12 - 0.13)% and BR3/2 = (0.35 - 0.39)%. (59) 

These results are again in good agreement with the experimental data of [2]: BR(A+ — > 
P7) = (0.52 - 0.60)%, BRi/2 = (0.11 - 0.13)% and BR3/2 = (0.41 - 0.47)%. 



IV. SUMMARY 

In summary, we have calculated the transverse helicity amplitudes for the transition 
7A'" — > A in the perturbative chiral quark model. Meson cloud corrections are crucial to 
explain the magnitude of the helicity amplitudes at the real-photon point. These meson 
cloud effects were found to be important not only in A transition but also in weak 

pion production reactions [15], in vector, axial- vector and strong NN and A^A couplings [16] 
and in data on light meson photoproduction [17]. 

We demonstrated furthermore that in the context of the PCQM excited quark states in 
loop diagrams play an important role at the level of 15% to fully account for the measure- 
ments. Because at one-loop we work at the order of accuracy o(l/F^, rh, m^) or equivalcntly 
at o{l/Nc), a deviation from the standard ratio oi A3/2/ = VS, consistent with large- A'c 
arguments [3] cannot be obtained. Hence, we also predict a vanishing value for the E2/M1 
ratio. 

A next step will be to explore the effect of two-loop diagrams on the helicity amplitudes, 
which could possibly explain the non- vanishing E2/M1 ratio. In view of the important role 
of intermediate excited quark states in loop diagrams, it would be also interesting to check 
their influence on other baryon observables. 
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APPENDIX A: SOLUTIONS OF THE DIRAC EQUATION FOR THE 

EFFECTIVE POTENTIAL 

In this section we indicate the solutions to the Dirac equation with the effective potential 
KflF(^) = S{r) + 7°l^(r). The scalar S{r) and time- like vector V{r) parts are given by 

S{r) = Ml + Clr^ 

V{r) = M2 + C2r^ (Al) 

with the particular choice 

, , 1 - 3p2 , , ^ 1 3p2 p , , 

Ml = ^, M2 = £0 Ci = C2 = A2 
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The quark wave function Uaif) in state a with eigenenergy Sa satisfies the Dirac equation 

l-iaV + l3S{r) + V{r) - S^Wif) = 0. (A3) 
Solutions of the Dirac spinor Uair) to Eq. (A3) can be written in the form [29] 



la ■ r] 



(A4) 



For the particular choice of potential the radial functions g and f satisfy the form 



9a{r) = 



■'n-l 



Rir 



r-2 



(A5) 



where for j = Z + ^ 





l+l - 


(i?a) 





(A6) 



and for j = / — I 





l-l r 


(i?a) 





,2 



.2 



(AT) 



The label a = {nljm) characterizes the state with principle quantum number n — 1,2, 3, 
orbital angular momentum I, total angular momentum j — I ± ^ and projection m. Due 
to the quadratic nature of the potential the radial wave functions contain the associated 
Laguerre polynomials L^{x) with 



{n + k)\ 



{n — m)\{k + my.m 
The angular dependence (D^a(^) = 3^Zmi(^)) is defined by 



yimj{r) = X) i^'>T^ii;'>T^s\jm)Yi^i{r)xi, 

mi,ms 



■X 



(A8) 



(A9) 



where Yi^^ (f) is the usual spherical harmonic. Flavor and color part of the Dirac spinor are 

represented by Xf ^-nd Xc respectively. 

The normalization constant is obtained from the condition 



j d^fv)^{r)Ua{T) = 1 



which results in 

The two coefficients Ra and Pa are of the form 



(AlO) 



2(n+i+l/2) 1/2d3 {^U + 2l)\ r. 2/9 , 7 _ ^1 



-1/2 



(All) 
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Ra = R{1 + A£^pR)-^/\ (A12) 

Pa = p(^)' (A13) 

and are related to the Gaussian parameters p, R of Eq. (14). The quantity = Sa — Sq 
is the difference between the energy of state a and the ground state. AS^ depends on the 
quantum numbers n and / and is related to the parameters p and R by 

(A£„ + |)'(A£« + ^) = ^(4n + 21- If. (AM) 
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TABLES 



Table I. Contributions of the individual diagrams to the transverse helicity amplitudes 
for Q'^ — (in units of 10~^ GeV^''^). Results for inclusion of ground (GS) and excited 
states (ES) in the quark propagator are indicated separately. 



Ai/2{Q' ^ 0) As/2{Q' ^ 0) 



GS quark propagator 

3q-core 



-LO 


-69.7 ± 5.9 


-120.7 ± 10.2 


-NLO 


-8.6 ± 1.2 


-14.9 ± 2.1 


Counter-term 


8.2 ± 1.1 


14.2 ± 1.9 


Meson-cloud 


-16.7 ± 2.6 


-28.9 ± 4.5 


Vertex-correction 


-0.7 ± 0.1 


-1.2 ± 0.1 


Meson-in-flight 


-23.0 ± 3.4 


-39.8 ± 5.9 


Total(GS) 


-110.5 ± 0.3 


-191.3 ± 0.5 


ES quark propagator 






NLO 


-10.3 ± 1.1 


-17.8 ± 1.9 


Counter-term 


4.9 ± 0.6 


8.5 ± 1.0 


Meson- cloud 


-13.5 ± 2.5 


-23.4 ± 4.3 


Vertex-correction 


-0.7 ± 0.1 


-1.2 ± 0.1 


Total(ES) 


-19.6 ± 3.1 


-33.9 ± 5.3 


Total=Total(GS)+Total(ES) 


-130.1 ± 3.4 


-225.2 ± 5.8 


Experiment [2] 


-135 ± 6 


-255 ± 8 



18 



Table II. Total result for the helicity amplitudes Ai/2(Q^ = 0) and A3/2(Q^ = 0) in 
comparison to other theoretical models (in units of 10^'^ GeV^^^^). The cloudy bag model 
results are taken from the values at a typical bag radius R = 0.8 fm. 





Ay^iQ^ = 0) 


As/2{Q' = 0) 


NRQM [7] 


-90.9 


-181.9 


Cloudy bag model [13] 


-128 


-222 


Relativistic quark potential model [14] 


-147 


-277 


PCQM 


-130.1 ± 3.4 


-225.2 ± 5.8 


Experiment [2] 


-135 ± 6 


-255 ± 8 
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Table III. Absolute contributions of vr, and t] to Ai/2(Q^ = 0) for the meson-cloud 
(MC) and vertex-correction (VC) diagrams in units of 10~^ GeV~^'^^. 



^1/2 (tt) Ay2{K) ^1/2(7^) Total 



GS quark propagators 

MC -15.3 -1.4 - -16.7 

VC -0.73 - 0.06 -0.67 
ES quark propagators 

MC -12.4 -1.1 - -13.5 

VC -0.80 - 0.08 -0.72 
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FIGURES 



Fig.l: Diagrams contributing to tiie transverse iielicity amplitudes: 

3q-core (la), counter term (CT) (lb), meson-cloud (MC) (Ic), vertex-correction (VC) (Id), 
and meson- in-flight (MP) diagram (le). 

Fig. 2: Q^-dependence of the transverse helicity amplitude Ai/2{Q'^) for the case where the 
quark propagator is truncated to the ground state (GS) contribution. Legend: [3q-L0] - 
3q-diagram (leading order); [3q-NL0(GS)] - 3q-diagram (next-to- leading-order); [CT(GS)] 

- counter term; [MC(GS)] - meson-cloud diagram; [VC(GS)] - vertex-correction diagram; 
[MF] - meson-in-flight diagram; Total(GS) - total result. 

Fig. 3: Same as Fig. 2 but now for the case where excited quark states (ES) are included in 
the loop diagrams. Legend: [Total(GS)] - total result for the ground state quark propagator; 
[3q-NL0(ES)] - excited states in the 3q-NL0 diagram ; [CT(ES)] - counter term; [MC(ES)] 

- meson cloud diagram; [VC(ES)] - vertex correction diagram; Total — Total(GS)+3q- 
NLO(ES)+GT(ES)+MG(ES)+VG(ES) - total result. 

Fig. 4: Total result for the transverse helicity amplitudes Ai/2{Q'^) and A3/2{Q^) — 
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